1 2 A Bottom-Up proteomics approach was applied for the study of the effects of 3 high-pressure (HP) treatment on the muscle proteome of fish. The performance of the 4 approach was established for a previous HP treatment (150-450 MPa for 2 min) on 5 frozen (up to 5 months at -10 ºC) European hake (Merluccius merluccius). Concerning 6 possible protein biomarkers of quality changes, a significant degradation after applying 7 a pressure ≥ 430 MPa could be observed for phosphoglycerate mutase-1, enolase, 8 creatine kinase, fructose bisphosphate aldolase, triosephosphate isomerase and 9 nucleoside diphosphate kinase; contrary, electrophoretic bands assigned to tropomyosin, 10 glyceraldehyde-3-phosphate dehydrogenase and beta parvalbumin increased their 11 intensity after applying a pressure ≥ 430 MPa. This repository of potential protein 12 biomarkers may be very useful for further HP investigations related to fish quality. 13 14
INTRODUCTION 22 23
High-pressure (HP) processing is a non-thermal and additive-free food 24 preservation technology applied in food industry to inactivate microbial populations and 25 inhibit deteriorative endogenous enzymes, while retaining better sensory quality and 26 nutritional properties. 1, 2 The majority of the applications use moderate to high pressures 27 of 100 to 500 MPa for a holding time of 1-5 min. The effects of the HP treatment on 28 microorganisms have been studied for years, showing that yeasts and molds are more 29 pressure-sensitive than vegetative bacterial cells and that bacterial spores are pressure-30 resistant. 3 Furthermore, activity of deteriorative endogenous enzymes that degrade food, 31 as lipases, phospholipases, trimethylamine oxide demethylase, peroxidases, and 32 lipoxygenases, has shown to be reduced as a result of HP treatment. 4 HP can reduce the 33 assessment of quality, safety and bioactivity of seafood products. [10] [11] [12] Using a Bottom-48
Up proteomics workflow, proteins are commonly separated by gel electrophoresis, 49 converted into peptides using enzymes (such as trypsin), and the resulting peptides are 50 analyzed by tandem mass spectrometry (MS/MS). Using different search engines, like 51
Sequest and Mascot, fragmentation spectra are assigned to putative peptide sequences 52 and the assignments are then validated with programs like PeptideProphet or 53
Percolator. 13 Different food proteomics topics have been successfully implemented, 54 such as seafood authentication, allergen detection and microorganism contamination. 14-55 16 Despite this outstanding potential of proteomics tools, quality changes evaluation 56 during storage or processing, as for example after HP treatment, is still scarce to date. 57
Concerning fish species, Ortea et al. (2010) studied the HP effect on the sarcoplasmic 58 fraction of chilled coho salmon. 17 These authors verified that a protein identified by 59 MS/MS as phosphoglycerate mutase was found to decrease its content when fish was 60 treated with a pressure ≥ 170 MPa. Besides, protein separation by one-dimensional (1-61 5 450 MPa treatment. 19 However, research focused on the HP effects on a low-fat fish 70 species has not been performed to date. 71
European hake (Merluccius merluccius) is a lean white fish species belonging to 72 the Merlucciidae family. It has shown significant quality losses during frozen storage 73 due to trimethylamine oxide breakdown into dimethylamine and formaldehyde, two 74 highly deteriorative compounds. Consequently, great attention is being devoted by 75 manufacturers to find preservative technological treatments to inhibit its quality loss. 76
Previous investigations evaluated HP pre-treatments (range 150-450 MPa) on physical 77
properties (color and texture) of hake, during frozen storage at -10 ºC for 5 months, 78
showing functional properties improvement of frozen hake pre-treated at 300 MPa. 20 79
In the present work, the effect of a previous HP treatment (150-450 MPa for 2 80 min) on frozen (up to 5 months at -10 ºC) European hake was studied for the first time 81 by Bottom-Up proteomics. For this purpose, image analysis of SDS-PAGE profiles, 82 protein identification by MS/MS analysis and database searching were performed for 83 both sarcoplasmic and myofibrillar proteins. From frozen hake previously submitted to 84 HP processing, several protein biomarkers of HP treatments were selected. 85 86 87 7 decompression time was less than 3 s. During HP treatment, the temperature was 113 controlled at 20 ºC using a thermostatic bath connected to the HP equipment. 114
After HP treatments, hake individuals were frozen at -20 ºC for 48 hours and 115 then stored at -10 ºC being samples analyzed after 0, 10, 75, 140 and 150 days 116 according to the following design of pressure-level/frozen-storage-time treatments 117 ( Figure 1 ): 20 T1 (0.1 MPa/0 days; fish without HP processing, submitted to the freezing 118 step but without frozen storage; i.e., freezing-step control), T2 (300 MPa/0 days; fish 119 submitted to a 300-MPa processing and freezing step, but without the frozen storage), 120 T3 (0.1 MPa/10 days; fish without HP processing and submitted to freezing step and a 121 10-day frozen storage), T4 (170 MPa/10 days; fish submitted to a 170-MPa processing, 122 freezing step and a 10-day frozen storage), T5 (430 MPa/10 days; fish submitted to a 123 430-MPa processing, freezing step and a 10-day frozen storage), T6 (0.1 MPa/75 days; 124 fish without HP processing and submitted to freezing step and a 75-day frozen storage), 125 T7 (150 MPa/75 days; fish submitted to a 150-MPa processing, freezing step and a 75-126 day frozen storage), T8 (300 MPa/75 days; fish submitted to a 300-MPa processing, 127 freezing step and a 75-day frozen storage), T9 (450 MPa/75 days; fish submitted to a 128 450-MPa processing, freezing step and a 75-day frozen storage), T10 (0.1 MPa/140 129 Three replicates (n=3) for each treatment (T0 to T14) were analyzed 137 independently. Each analysis was based on the corresponding protein extract from the 138 fish white muscle pooled from three individual fish. A frozen storage temperature (-10 139 ºC) higher than commercial practice (-18 ºC) was chosen as an accelerated test 140 condition to better estimate the extent of the pressure level and frozen storage effects on 141 frozen hake proteins. 142 143
Extraction of sarcoplasmic proteins 144
Sarcoplasmic proteins extraction was prepared as described previously by 145 Carrera et al. (2007) . 21 Briefly, 0.5 g of hake white muscle were homogenized in 4 mL 146 of 10 mM Tris-HCl buffer, pH 7.2, supplemented with 5 mM protease inhibitor PMSF, 147 during 2 min using an Ultra-Turrax homogenizer (IKA-Werke, Staufen, Germany). 148
Then, fish muscle extracts were centrifuged at 40,000 ×g for 20 min at 4 ºC (J221-M 149 centrifuge; Beckman, Palo Alto, CA, USA). The supernatants containing the 150 sarcoplasmic proteins were recovered and stored at -80 ºC until used. Protein pellets 151 were then used for the myofibrillar protein extraction. 152
Protein concentration in the sarcoplasmic protein extracts was determined by the 153 bicinchoninic acid (BCA) method (Sigma Chemical Co., USA). while Table 1 summarizes the list of sarcoplasmic protein bands (S1-S19) analyzed by 238 LC-MS/MS and identified by SEQUEST-HT. Complete lists of identified peptides and 239 the corresponding proteins are presented in tables included in the Supplementary Data 240
241
Skeletal myosin heavy chain (118.71 kDa; protein band S1) showed an 242 important reduction when hake specimens were submitted to relatively high HP levels 243 (300 to 450 MPa) and an increase after 140 and 150 days of storage time (Figure 3a) . 244
This protein is also a myofibrillar protein with a reduced stability at low ionic strength. 245
It is involved in muscle contraction and has previously shown to become insoluble with 246 the application of a pressure level ≥ 300 MPa. 24 247 Glycogen phosphorylase (95.41 kDa; protein band S2) demonstrated a 248 remarkable reduction at 450 MPa and an increase after 140 and 150 days of storage time 249 ( Figure 3b ). This enzyme participates in the carbohydrate metabolism and its stability 250 was found to be correlated with firmness evaluation of rainbow trout. 25 These results are 251 in accordance with previous observations in medium-fat horse mackerel species. 18, 19 252
Phosphoglycerate mutase-1 (67.5 kDa; protein band S3) is an enzyme, which 253 catalyzes the eight step of glycolysis and the results showed also an important reduction 254 of this protein band for high pressure conditions (300 to 450 MPa) ( Figure 3c is considered a potential fish allergen in tuna species. 28 Results of the HP treatment in hake showed a complete creatine kinase reduction at the two highest HP conditions (430 281 and 450 MPa) ( Figure 3f ). Previous publications on medium fat-fish showed that HP 282 treatment at 300-450 MPa reduced creatine kinase presence. 18, 19 The stability of this 283 protein was also found to be correlated with firmness of rainbow trout. 25 Twenty-five 284 fish creatine kinases are included in the Allergome database (i.e. Cyp c CK, Dan re CK, 285
Gad m CK, Sal s CK). 29 As is demonstrated in the present work the stability of hake 286 creatine kinase is very low when a pressure treatment ≥ 430 MPa is applied (Figure 3f ). 287
Fructose bisphosphate aldolase (39.54 kDa; protein band S7), which is involved 288 in gluconeogenesis and glycolysis, is also considered a potential fish allergen in cod, 289 salmon and tuna species. 27 Results performed on hake specimens showed a complete 290 reduction of this protein at the highest HP conditions (430 and 450 MPa) ( Figure 3g ), 291 being this result similar to those of a previous work in frozen medium-fat horse 292 mackerel, which showed degradation of this enzyme at pressure levels of 300-450 293
MPa. 18, 19 Ten aldolase fish allergens are deposited in the Allergome database (i.e. Gad 294 m 3, Sal s 3, Thu a 3) and are more allergenic to adults than to children. 27 Aldolase 295 belongs to the TIM barrel proteins and IgE reaction to fructose bisphosphate aldolase 296 was found in 50.0% of fish sensitive patients. The results of the present work showed 297 that the stability of hake fructose bisphosphate aldolase is very low, since it is 298 completely absent when pressure ≥ 430 MPa is applied (Figure 3g ). 299
Glyceraldehyde-3-phosphate dehydrogenase (35.98 kDa; protein band S8) is an 300 enzyme that catalyzes the sixth step of glycolysis. The results did not show relevant 301 differences on the band volume of this protein at the different HP conditions tested; as 302 an exception, a slight increase in its intensity was detected after applying a pressure ≥ 303
Results showed an increase of this protein at the two highest pressure conditions (430 308 and 450 MPa) ( Figure 3i ). Previous studies on medium fat-fish species showed also an 309 increase after applying a 450 MPa processing. 19 Tropomyosin (32.70 kDa) was 310 described as a fish allergen in few patients so far and several fish tropomyosin allergens 311 are registered in the Allergome database (i.e. Gad m 4, Sal s 4, Ore m 4). 30 In this work, 312 a remarkable stability of hake tropomyosins to the different HP treatments was found, 313 and additionally, an increased presence after applying a pressure ≥ 430 MPa was 314 detected (Figure 3i ). 315
Troponin T (29.70 kDa; protein band S10) is part of the troponin complex and is 316 responsible for muscle contraction. Results showed an increase of this protein band at 317 the two highest pressure levels (430 and 450 MPa) ( Figure 3j ). Muscle troponin T also 318 increased its presence intensity after a 450 MPa treatment in frozen medium-fat horse 319 mackerel. 19 320 Phosphoglycerate mutase-2 (27.59 kDa; protein band S11) is an isozyme that 321 catalyzes the eighth step of glycolysis. The results showed a complete degradation of 322 this protein band for the two highest pressure intensities (430 to 450 MPa) (Figure 3k ). 323
In previous results, the presence of this protein was also found to decrease when chilled 324 fatty salmon was treated with a pressure ≥ 170 MPa. 17 In addition, after a 3-month 325 storage, Atlantic mackerel samples treated at 150 MPa revealed the disappearance of 326 this protein. 19 Besides, in medium fat-fishes, this protein demonstrated a strong 327 reduction at 300-450 MPa. 19 production. Previous results in frozen medium-fat horse mackerel species demonstrated 332 an important reduction after a 450 MPa treatment. 19 333
Myosin light chain 1 (22.14 kDa; protein band S13) is a polypeptide subunit of 334 myosin, involved in muscle contraction. Results showed a remarkable increase of this 335 band at the two highest pressure conditions (430 and 450 MPa) ( Figure 3m ). 336
Troponin I (20.90 kDa, protein band S14) and troponin C (18.35 kDa, protein 337 band S15) are part of the troponin protein complex, being the latter responsible for 338 binding calcium to activate muscle contraction. Results did not show relevant 339 differences of the volume band of protein band S14 at the different HP conditions 340 (Figure 3n ), except for a remarkable increase of the protein band S15 at the highest HP 341 conditions (430 and 450 MPa; Figure 3o ). 342
Nucleoside diphosphate kinase (16.94 kDa; protein band S16) is an enzyme 343 required for the synthesis of nucleoside triphosphates. Thirteen different isoforms 344 belonging to the Merlucciidae family were de novo mass spectrometry sequenced. 21 The 345 present results on hake showed a relevant reduction of this protein at the two highest 346 pressure levels (430 and 450 MPa) ( Figure 3p ). 347
Myosin light chain 2 (15.11 kDa, protein band S17) and myosin light chain 3 348 (14.23 kDa; protein band S18) are polypeptide subunits of myosin complex, the first 349 being involved in muscle contraction. Results showed a remarkable increase of the 350 corresponding bands at 300/450 MPa (Figure 3q -S17) and at day 150 of storage for 351
Parvalbumin beta (11.08 kDa; protein band S19) is considered the major fish 353 allergen. 31 A total of 25 different parvalbumin isoforms belonging to the Merlucciidae 354 family were completely de novo mass spectrometry sequenced. 32 Results showed an 355 increase of this protein at the two highest pressure conditions (430 and 450 MPa) 356 ( Figure 3s ). Previous publications on medium-fat fish also reported an important 357 increase at 450 MPa. 19 According to their structure, they are members of the EF-hand 358 protein family, composed by a peptide helix/peptide loop/peptide helix-sequence. Fish 359 parvalbumins have three EF-hand motifs but only two are functional to bind Ca 2+ or 360 Mg 2+ ions. These proteins are thermostable proteins that present high stability towards 361 food processing and enzymatic digestion. 33 In the current study, it was also found that 362 hake parvalbumins present a remarkable stability to HP treatments and even showed an 363 increase in their intensity after applying pressure ≥ 430 MPa (Figure 3s ). These results 364 might be used for the development of further allergenic studies using different hake HP 365 treatments and sera from parvalbumin allergic patients. The results showed that myofibrillar proteins are more stable under the current 375 pressurization treatments (150-450 MPa) than sarcoplasmic ones when a lean fish (i.e., hake) was studied. Similar results were obtained in another study when myofibrillar 377 proteins were studied in fatty fish species. 18 showed a presence increase at day 140 of storage for 430 MPa (Figure 3f ). 390 391
Protein biomarkers of HP treatments 392
According to the present results, to select specific protein biomarkers of HP 393 treatments, sarcoplasmic proteins were found as the most adequate fraction to be 394 investigated, because more protein differences in terms of protein band intensity were 395 found under the current pressurization treatments (150-450 MPa). 396 Regarding exclusive protein biomarkers that presented a significant reduction in 420 the band volume when a 300-MPa treatment was applied (cluster 2), pyruvate kinase, 421 phosphoglycerate mutase-2, glycogen phosphorylase and myosin heavy chain were 422 selected. The top protein biomarkers that presented a significant increase after a 423 pressure treatment ≥ 300 MPa were troponin I and parvalbumin beta. 
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